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Signaling by the Drosophila EGF receptor (DER) is modulated by four known EGF-like proteins: the agonists Vein (Vn),
Spitz (Spi), and Gurken (Grk) and the antagonist Argos (Aos). DER is broadly expressed and thus tissue-specific regulation
of ligand expression and activity is an important mechanism for controlling signaling. Here we investigate the
tissue-specific regulation of Vn signaling by examining vn transcriptional control and Vn target gene activation in the
mbryo and the wing. The results show a complex temporal and spatial regulation of vn transcription involving multiple
signaling pathways and tissue-specific activation of Vn target genes. In the embryo, vn is a target of Spi/DER signaling
mediated by the ETS transcription factor PointedP1 (PntP1). This establishes a positive feedback loop in addition to the
negative feedback loop involving Aos. The simultaneous production of Vn provides a mechanism for dampening Aos
inhibition and thus fine-tunes signaling. In the larval wing pouch, vn is not a target of Spi/DER signaling but is expressed
along the anterior–posterior boundary in response to Hedgehog (Hh) signaling. Repression by Wingless (Wg) signaling further
refines the vn expression pattern by causing a discontinuity at the dorsal–ventral boundary. The potential for vn to activate
DER target genes correlates with its roles in development: vn has a minor role in embryogenesis and does not induce DER
target genes such as aos and pntP1 in the embryo. Conversely, vn has a major role in wing development and Vn/DER
signaling is a potent inducer of DER target genes in the wing disc. Spi also has the potential to induce DER target genes in
the wing disc. However, the ligands appear to evoke specific responses that result in different patterns of target gene
expression. Finally, we show that other factors modulate the potential of Vn so that induction of Vn/DER target genes in
the wing pouch is cell specific. © 1999 Academic PressKey Words: Drosophila; vein; spitz; DER; argos; pointed; hedgehog; wingless; kekkon1.
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1INTRODUCTION
Drosophila has one known erbB-like receptor, the Dro-
ophila EGF receptor (DER/EGFR/torpedo/faint little ball/
llipse), which has multiple roles in development and is
equired for cell survival, proliferation, and differentiation
Perrimon and Perkins, 1997; Schweitzer and Shilo, 1997;
reeman, 1998; Van Buskirk and Schupbach, 1999). DER
as four candidate ligands that modulate its activity and
ach has a predicted EGF-like motif. Three are activating,
urken (Grk), Spitz (Spi), and Vein (Vn), whereas the fourth
s a novel inhibitory ligand called Argos (Aos) (Freeman et
l., 1992; Rutledge et al., 1992; Neuman-Silberberg and
1 These two authors contributed equally to this work.
f
z
2 Present address: FlyBase, Department of Biology, Indiana Uni-
ersity, Bloomington, IN 47405.
0012-1606/99 $30.00
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All rights of reproduction in any form reserved.chu¨pbach, 1993; Sawamoto et al., 1994; Schnepp et al.,
996). The activating ligands have similarity to the verte-
rate EGF-like ligands; Grk and Spi are TGF-a-like proteins
nd Vn is a neuregulin-like protein. grk is a maternally
ctive gene involved in establishing egg polarity (Ray and
chu¨pbach, 1996). spi and vn have both maternal and
ygotic roles: maternally they function to amplify Grk/DER
ignaling in the developing follicle and are essential for egg
hell development (Wasserman and Freeman, 1998) and
ygotically they function in the embryo and adult to specify
ell fate and regulate cell proliferation and survival (Rut-
edge et al., 1992; Neuman-Silberberg and Schu¨pbach, 1993;
reeman, 1994; Gonza´lez-Reyes et al., 1995; Schnepp et al.,
996; Simcox et al., 1996; Simcox, 1997; Yarnitzky et al.,
997). Aos, which acts as a competitive inhibitor of Spi, also
unctions maternally (Wasserman and Freeman, 1998) and
ygotically in the embryo and adult (Freeman et al., 1992;
243
af
i
o
t
s
b
r
e
t
n
1
i
t
a
p
h
i
s
t
(
D
p
(
s
d
t
w
(
1
v
e
t
i
a
d
V
a
t
1
a
i
p
a
a
m
S
r
i
v
t
R
d
D
p
1
g
G
1
d
m
h
n
N
s
t
l
f
f
t
w
4
t
244 Wessells et al.Sawamoto et al., 1994; Schweitzer et al., 1995a; Golembo et
l., 1996b).
DER is broadly expressed but as a member of the erbB
amily requires the binding of an agonist to induce dimer-
zation and initiate signaling. Thus the expression pattern
f these agonists, their inherent properties, and other fac-
ors that modulate their activity ultimately control DER
ignaling, target gene expression, and cell response. Here we
riefly review what is known about the expression and
egulation of the two zygotically active ligands: Spi and Vn.
Spi/DER signaling has been extensively analyzed in the
mbryo. spi is broadly expressed and translated into a
ransmembrane precursor (mSpi) that appears to lack sig-
aling activity (Rutledge et al., 1992; Schweitzer et al.,
995a,b). To become active mSpi is presumed to be cleaved
nto a secreted form, sSpi, which emanates from a source in
he ventral midline (Schweitzer et al., 1995a,b; Golembo et
l., 1996a). Rhomboid (Rho) and Star (S) are transmembrane
roteins (Bier et al., 1990; Kolodkin et al., 1994) that may
ave a role in processing the transmembrane form of Spi
nto the active soluble form (Schweitzer et al., 1995b) [but
ee also Guichard et al. (1999)]. Consistent with such a role,
hese genes are expressed in the ventral midline cells
Golembo et al., 1996a). sSpi has been shown to activate the
ER pathway in vitro and in vivo by inducing the phos-
horylation of DER and subsequently Erk (MAPK)
Schweitzer et al., 1995b; Gabay et al., 1997). A number of
Spi/DER target genes have been identified. pntP1 is a
irect target of Spi/DER signaling and serves as a transcrip-
ional activator of a number of other genes including aos,
hich encodes the extracellular inhibitory ligand
Schweitzer et al., 1995a; Gabay et al., 1996; Golembo et al.,
996b). Aos competes with Spi and thus limits DER acti-
ation (Schweitzer et al., 1995a; Freeman, 1996; Golembo
t al., 1996b). This negative feedback loop is a key regula-
ory feature of DER signaling and controls its activity level
n time and space.
Less is known about the regulation of Vn/DER signaling
nd the identity of its target genes. There are likely to be
ifferences when compared with Spi/DER signaling because
n and Spi differ in a number of ways: First, Vn is made as
soluble factor and thus does not require processing steps
o make an active molecule as does Spi (Schnepp et al.,
996). This means that the regulation of vn transcription is
key mechanism to control Vn/DER signaling. Second, Vn
s apparently a less potent inducer of DER and MAPK
hosphorylation than sSpi in vitro and in vivo (Schnepp et
l., 1998). This difference between sSpi and Vn is conferred
t least in part by the EGF domain because Vn becomes
ore potent when its EGF domain is swapped with that of
pi (Schnepp et al., 1998). Third, Spi and Vn have different
oles in development. Both are required for ventral pattern-
ng in the embryo but spi has a more significant role as
entral patterning is more severely affected in spi mutants
han in vn mutants (Mayer and Nu¨sslein-Volhard, 1988;
utledge et al., 1992; Schnepp et al., 1996). The gene
products also appear to work together in the embryo, as the
B
Copyright © 1999 by Academic Press. All rightouble-mutant phenotype is more extreme and closer to the
ER null mutant phenotype than the additive phenotype
redicted from the two single mutants (Schnepp et al.,
996; Skeath, 1998). In the wing, vn is required for disc
rowth and vein–intervein patterning (Simcox et al., 1987;
arcı´a-Bellido et al., 1994; Simcox et al., 1996; Simcox,
997). In contrast, spi appears to be dispensable for wing
isc growth as cultured spi mutant embryos give rise to
ature size wing discs (Simcox, 1997). spi mutant clones
ave no phenotype in the wing, indicating that it also has
o role in vein–intervein patterning (Guichard et al., 1999;
agaraj et al., 1999).
Here we further investigated the regulation of vn expres-
ion and control of its activity. We found that transcrip-
ional control of vn is complex and involves inputs from at
east three known signaling pathways, Vn activity differs
rom that of sSpi, and Vn activity varies in a tissue-specific
ashion to induce different patterns of target gene activa-
ion.
MATERIALS AND METHODS
Gene Expression Analysis
In situ hybridization was performed using digoxygenin-labeled
single-stranded RNA probes and standard procedures (Tautz and
Pfeiffle, 1989; O’Neill and Bier, 1994). In double-label experiments,
b-galactosidase activity was detected prior to in situ hybridization
(Su et al., 1998). The same b-galactosidase staining procedure was
used for expression analysis of reporter lines except 1% glutaral-
dehyde was used as a fixative. hhts2/TM6B flies (Ma et al., 1993)
ere maintained at 17°C and the progeny were shifted to 29°C for
8 h before in situ hybridization. Crosses between wgtsIL/CyO and
wg-lacZ/CyO flies were maintained at 17°C and progeny were
transferred to 29°C at the beginning of the third instar. A pntP1-
specific probe was generated by first excising a 1.1-kb HincII
fragment from a pntP1 cDNA; the remaining portion contained
only sequences unique to pntP1 and not shared with pntP2
(Kla¨mbt, 1993). The kn, kek1, and aos probes were generated from
cDNAs donated by A. Vincent, N. Perrimon, and B-Z. Shilo,
respectively. The vn probe was generated from a partial 3.3-kb
cDNA corresponding to the 39 end of the message.
Phenotype Analysis
Male larvae expressing UAS-vn and UAS-sspi were selected (by
the distinct appearance of the testes) for analyses as these genes are
X-linked and the males showed more extreme phenotypes. The
phenotype of wings from pharate adults was examined by removing
the pupal membrane and inflating the wings by incubation in 10%
KOH at 50°C. All wings were mounted in Berlese for viewing with
a compound microscope.
Fly Strains
pntD88 is a deficiency null allele that affects both transcripts from
he pnt gene (Scholz et al., 1993) and was obtained from the
loomington stock center. spiIIA and rho7M are strong EMS-induced
alleles and were obtained from the Bloomington stock center. vnRY
s of reproduction in any form reserved.
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245Regulation of Vn/DER Signalingis a deletion that is predicted to be a null allele and vn1 is a
ypomorphic allele (Simcox et al., 1996). spiIIA, rho7M, pntD88, and
vnRY chromosomes were balanced with TM3, ftz-lacZ (“blue”
alancer) to create stocks that allowed identification of mutant
omozygotes by the absence of b-galactosidase activity. hhts2 is a
eat-sensitive allele (Ma et al., 1993) and was obtained from the
loomington stock center. wgtsIL is a heat-sensitive allele and
wg-lacZ is a loss-of-function allele that also reports expression of
wg (Phillips and Whittle, 1993) (donated by R. Whittle).
The following UAS transgenes were used (their origins and the
colleagues by whom they were donated are also listed): UAS-vn
(Schnepp et al., 1996); UAS-sspi (Schweitzer et al., 1995b), B.-Z.
Shilo; UAS-pntP1 stock (Klaes et al., 1994), Bloomington stock
center; UAS-yanact (Rebay and Rubin, 1995), G. Rubin; UAS-ptc
Johnson et al., 1995), M. Scott; UAS-aos (Howes et al., 1998), M.
reeman; UAS-Kek1 (Ghiglione et al., 1999), N. Perrimon; UAS-ci
Hepker et al., 1997), T. Orenic; UAS-hh and UAS-dpp (Capdevila
nd Guerrero, 1994), I. Guerrero; UAS-ci76 (Aza-Blanc et al., 1997),
. Kornberg; UAS-wg (Lawrence et al., 1995), J. Marsh; UAS-ltop4.2
(Queenan et al., 1997), A. Michelson.
The following enhancer-Gal4 lines were used (their origins and
the colleagues by whom they were donated are also listed): 71B-
Gal4 (Brand and Perrimon, 1993), Bloomington stock center;
Kru¨ppel-Gal4, B.-Z. Shilo; en-Gal4 (Aza-Blanc et al., 1997), T.
Kornberg; dpp-Gal4 (Staehling-Hampton and Hoffmann, 1994),
Bloomington stock center; ap-Gal4 (Gorfinkiel et al., 1997), Bloom-
ngton stock center.
The following enhancer-lacZ lines were used (their origins and
he colleagues by whom they were donated are also listed): pntP1-
acZ and pntP2-lacZ (Scholz et al., 1993), C. Kla¨mbt; aossty1
(aos-lacZ), C. Montell; kek1-lacZ (Musacchio and Perrimon, 1996),
. Perrimon; wg-lacZ (Kassis et al., 1992), R. Whittle.
RESULTS
vn is a Target of the DER Pathway in the Embryo
The expression patterns of pntP1 and vn are similar: The
genes are expressed in two broad ventrolateral domains in
the blastoderm and as development proceeds expression is
restricted to one or two cells along the ventral midline
(Kla¨mbt, 1993; Schnepp et al., 1996) (Figs. 1A and 1C). The
initial expression of pntP1 is not dependent on DER signal-
ing but by stage 9/10, when pntP1 expression is limited to
one or two cell rows in the ventral ectoderm, it becomes
dependent on sSpi/DER signaling and is absent in spi
mutants and induced by ectopic sspi expression (Gabay et
al., 1996). Given the similar expression patterns of pntP1
and vn, we investigated possible regulatory links between
the genes. pntP1 expression was not induced following
ectopic vn expression and its expression was not changed in
a vn mutant (not shown, Figs. 1A and 1B). To test whether
the reciprocal relationship exists, we examined vn expres-
sion in pntD88 mutants that are null for both pnt transcripts
(Scholz et al., 1993). The early expression pattern of vn was
not altered in pnt mutants; thus pnt is unlikely to be the
sole activator of vn at this stage (not shown). However,
expression of vn at the ventral midline was diminished in
pnt mutants by germband extension (Figs. 1C and 1D).
To test whether pntP1 expression is sufficient to activate
i
a
Copyright © 1999 by Academic Press. All rightvn expression, we induced ectopic expression of pntP1 with
the Gal4-UAS system (Brand and Perrimon, 1993). UAS-
pntP1 was misexpressed with the Kr-Gal4 driver and vn
expression was monitored. In the early gastrula, vn expres-
sion was expanded laterally and the rapid response sug-
gested a direct effect of PntP1 on the vn gene (Figs. 1E and
1F). This ectopic induction was even more evident in older
embryos; germband stage Kr-Gal4; pntP1 embryos showed a
dramatic expansion of vn expression around the circumfer-
ence of the embryo (Fig. 1G). Yan is another transcription
factor that is regulated by the DER pathway (in this case
posttranscriptionally) (O’Neill et al., 1994; Rebay and Ru-
bin, 1995; Gabay et al., 1996). In its activated form, Yan is
an antagonist of PntP1. Consistent with this, ectopic ex-
pression of Yanact caused a reduction in vn transcription
Fig. 1H).
PntP1 expression is regulated by Spi/DER signaling and
e found that vn expression was also diminished in spi and
ho mutant embryos (Figs. 1I and 1J). Rho is thought to be
nvolved in processing Spi into its active form and hence,
ho mutants are expected to lack sSpi activity (Schweitzer
t al., 1995b). Together, these experiments show that rather
han inducing DER target genes as spi does, vn is itself a
ranscriptional target of the DER pathway in the embryo.
imilar results have been shown contemporaneously by
olembo et al. (1999).
aos Is Not Induced in Response to Ectopic vn
Expression in Embryos
The induction of aos expression has been shown to be
dependent on activation of the DER pathway by sSpi; aos
expression is lost in spi mutants and ectopic expression of
sSpi results in ectopic expression of aos (Golembo et al.,
996b). In embryos vn and aos are expressed in similar
patterns in the ventral ectoderm, suggesting a possible
relationship between the genes (Freeman et al., 1992;
Schnepp et al., 1996). We examined aos expression in a vn
mutant and saw no change (Figs. 1K and 1L). Furthermore,
UAS-vn failed to induce ectopic aos expression when
misexpressed around the midsection of the embryo using
the Kr-Gal4 driver (not shown). In these experiments the
UAS-vn transgene was expressed at levels equivalent to
those of endogenous vn, suggesting that a physiological
level of vn is insufficient to induce aos expression beyond
ts usual lateral boundary. This is consistent with the
nability of vn to induce ventral cell fates in ectopic cells as
etermined by otd staining (Schnepp et al., 1998). Taken
ogether, these results suggest that during embryonic devel-
pment, sSpi/DER and not Vn/DER activation induces aos
xpression in ventral midline cells. This could be the result
f the different potencies of Vn and Spi; the threshold of
ER activation required for induction of aos, either beyondts usual lateral limit, or in the absence of sSpi, might not be
chievable by the weaker ligand, Vn.
s of reproduction in any form reserved.
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247Regulation of Vn/DER Signalingvn Is Not Positively Regulated by DER Signaling
in the Wing Pouch
In mid-third instar, vn is diffusely expressed in the wing
pouch and by the late third instar, the expression resolves
into a stripe across the wing pouch corresponding to longi-
tudinal vein 4 (L4) and the L3/L4 intervein region (Simcox et
al., 1996) (Fig. 3A). For vn to be a target of sSpi/DER/pntP1
signaling in the wing (as it is in the embryo) a correlation
between cells in which the DER pathway is active and those
that express vn is expected. This is not borne out by recent
ata; at mid-third instar, Spi is distributed predominantly
FIG. 2. 71B-Gal4 expression pattern in wing development. The e
taining of 71B-Gal4;UAS-lacZ wing discs. (A) Early third-instar w
disc. (D) Mid-third-instar wing disc. (E) Late–late third-instar win
mid-third instar and develops into a ventral and a dorsal domain of
C, D). In late–late third instar expression is also seen in the hinge
interveins and in the hinge.
FIG. 1. vn is a target of the DER pathway in the embryo. (A) Wi
ranscription is unchanged. (C) Wild type. vn is expressed along th
lane of focus). (D) pntD88. vn expression is reduced in the midline (b
etail of vn transcription in a gastrula embryo. (F) Kr-Gal4;UAS-pnt
expressing pntP1. (G) Kr-Gal4;US-pntP1. vn expression is dramati
(arrow marks T2). (H) Kr-Gal4;UAS-yanact. vn expression is reduced
(J) rho7M. vn expression is reduced along the entire ventral midline i
n is normally expressed in cells comprising a prominent “T” shap
n the midline (arrow). (L) vnRY. aos expression is unchanged (arrow). (A
embryos are at stage 9–10 except the gastrula embryos shown in E and
Copyright © 1999 by Academic Press. All rightlong the D/V boundary and the diphosphorylated form of
APK (dp-ERK) is restricted to cells flanking the DV
oundary (Nagaraj et al., 1999). By late third instar, dp-ERK
s also present in vein primordia, but is not detected in the
3/L4 intervein region (Gabay et al., 1997). Thus it seems
nlikely that vn expression in the wing pouch, which is
redominately in the L3/L4 intervein region, is induced by
he DER pathway.
However, in order to determine whether sSpi and PntP1
ave the potential to activate vn transcription in the wing
isc, we expressed UAS-sspi and UAS-pntP1 ectopically
ith the 71B-Gal4 driver, which directs expression to the
ssion pattern of the 71B-Gal4 driver is shown by b-galactosidase
isc. (B) Mid-third-instar wing disc. (C) Early–late third-instar wing
c. (F) Pupal wing disc 30 h APF. 71B-Gal4 expression begins in
ssion in the wing pouch region in early-to-mid-late third instar (B,
in the notum (E). In pupal wings (30 h APF) expression is seen in
pe. pntP1 is expressed along the midline. (B) vnRY embryo. pntP1
line (white arrow) and in the mesoderm (white arrowhead, out of
arrow) but not in the mesoderm (white arrowhead). (E) Wild type.
n expression is expanded laterally in a gastrula embryo ectopically
expanded in the Kr domain (T2-A4) in response to ectopic pntP1
2-A4 in response to ectopic pntP1 (arrow marks T2). (I) spiIIA and
ese mutants. This is particularly striking in the head region where
ows, compare to C). (K) Wild type (vnRY/ftz-lacZ). aos is expressedxpre
ing d
g disld ty
e mid
lack
P1. v
cally
in T
n th
e (arr, B) Dorsal view; (C, D, G–L) ventral view; (E, F) lateral view. All
F. Anterior is to the left in all panels.
s of reproduction in any form reserved.
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248 Wessells et al.wing pouch (Fig. 2). Surprisingly the results show not only
that the genes do not have a positive effect on vn transcrip-
ion but that pntP1 acts as a repressor of vn transcription in
he wing disc.
Ectopic expression of UAS-vn with the 71B-Gal4 driver
caused low levels of vn misexpression in the pouch (Fig.
C). The resulting males (we analyzed males as these had
ore extreme phenotypes; see Materials and Methods) were
oorly viable and had wings with ectopic vein tissue span-
ing the regions between L3 to the anterior margin and L4
o L5 (Fig. 3D). In discs with ectopic sSpi expression, the
tripe of vn expression across the wing pouch was similar to
ild type (Fig. 3E). The wing pouch and surrounding hinge
egion were somewhat distorted and there was ectopic
xpression of vn in the ventral hinge region. Ectopic expres-
ion of sSpi resulted in pupal lethality in males and pharate
dult lethality in females. In the female wings, pigmenta-
ion and trichome density suggested they had ectopic vein
aterial that spanned the region between L3 and L2 and
etween L4 and L5 (Fig. 3F).
In 71B-Gal4; UAS-pntP1 discs, vn expression was not
nduced across the pouch but rather appeared reduced (Fig.
G). The adult wings had a phenotype distinct from ectopic
xpression of the ligands; extra veins were not formed, L4
as reduced, and the intervein region between L2 and L3
as lost (Fig 3H). Misexpression of PntP1 with the dppblk-
Gal4 driver, which directs expression along the A/P bound-
ary, also repressed vn expression in the pouch (Fig. 3I). vn
expression, however, was still present after similar misex-
pression of the PntP1 antagonist, Yanact (Fig. 3K). The
abnormal morphology of the discs prevented us from deter-
mining whether vn expression was up-regulated in these
discs. The few adult escapers also showed that PntP1 and
Yan had opposite effects on differentiation of sense organs;
ectopic expression of PntP1 caused increased numbers of
macrochaetes on the scutellum (Fig. 3J), whereas expression
of Yanact caused loss of bristles on the scutellum (Fig. 3L).
Note that the effects of PntP1 and Yanact on vn transcrip-
ion in the wing are the reverse of those observed in the
mbryo. Thus, PntP1 can act as both inducer and repressor
f vn transcription depending on the cellular context. pntP1
s expressed diffusely at very low levels in the wing pouch
FIG. 3. vn expression is not induced by misexpression of sSpi or
iscontinuous stripe across the wing pouch straddling the A/P bou
L2–L5). (C) 71B-Gal4;UAS-vn third-instar wing disc. 71B-Gal4 in
xpression of endogenous vn. (D) 71B-Gal4;UAS-vn wing. Ectopic v
M) and L3, and L4 and L5. (E) 71B-Gal4;UAS-sspi third-instar w
orphology of the disc is altered. There is ectopic vn expression in
spi expression creates extra vein territories between L2 and L3 an
vn expression across the wing pouch is reduced (arrows, compare w
re fused and L4 is reduced. (I) dppblk-Gal4;UAS-pntP1 third-instar w
left (arrow). (J) dppblk-Gal4;Uas-pntP1 pharate adult. The wings ar(K) dppblk-Gal4;UAS-yanact third-instar wing disc. vn is expressed a
ppblk-Gal4;UAS-yanact pharate adult. The wings are small (one is bifur
Copyright © 1999 by Academic Press. All rightFig. 6I), making it unlikely that PntP1 repression has a role
n generating the highly restricted pattern of vn expression
n the medial wing.
vn Is a Target of Hedgehog Signaling
in the Wing Pouch
In the wing disc, vn is expressed in the medial wing
straddling the AP boundary (Simcox et al., 1996) (Fig. 4A). Hh
ctivity is important for patterning the medial wing and a
umber of Hh target genes are expressed in proximity to the
P boundary. This raises the possibility that vn is also a Hh
arget gene. The role of Hh signaling in regulating vn expres-
ion was examined by modulating Hh activity using the
emperature-sensitive allele hhts2 (Ma et al., 1993) and the
Gal4-UAS system to overexpress components of the Hh
pathway (Ingham, 1998). Loss of hh function resulted in a
reduction of vn expression in the wing pouch (Fig. 4B),
whereas ectopic expression of hh or ci, a transcription factor
that mediates Hh signaling, resulted in a broadening of the
normal stripe of vn expression (Figs. 4B, inset, and 4C). Dpp is
a known mediator of Hh signaling but misexpression of dpp
had no apparent effect on vn transcription (Fig. 4A, inset). vn
expression was eliminated following ectopic expression of
patched (ptc), which functions both as a coreceptor for Hh and
as a negative regulator of its signaling (Fig. 4D). Likewise,
ectopic expression of a repressor form of Ci, Ci-76 (Aza-Blanc
et al., 1997) reduced vn expression (Fig. 4C, inset). Ectopic
expression of ptc causes vein loss (Johnson et al., 1995) (Fig.
4F) and similar phenotypes are seen in vn1 mutants that lack
expression of vn in the wing pouch (Puro, 1982; Simcox et al.,
1996; Biehs et al., 1998) (Figs. 4D, inset, and 4F, inset). Loss of
veins following ectopic ptc expression was exacerbated by
reducing Vn activity and rescued by simultaneous expression
of vn (Figs. 4G and 4H). Together the results show that vn is a
target of Hh signaling; furthermore, it is likely to be a direct
target and not activated by a relay mechanism involving Dpp.
Since phenotypes associated with misregulation of Hh signal-
ing can be modulated by changes in Vn activity, Vn is
implicated as an effector of Hh.
1 in the wing. (A) Wild-type third-instar disc. vn is expressed in a
(arrows). (B) Wild-type wing showing the normal pattern of veins
s vn expression throughout the wing pouch at lower levels than
pression creates extra vein territories between the anterior margin
disc. vn expression appears normal in the pouch, although the
ventral hinge. (F) 71B-Gal4;UAS-sspi pharate adult wing. Ectopic
tween L4 and L5. (G) 71B-Gal4;UAS-pntP1 third-instar wing disc.
A). (H) 71B-Gal4;UAS-pntP1 pharate adult wing (17°C). L2 and L3
isc. vn is not expressed across the wing pouch, which has a central
ll and bifurcated and extra bristles form on the scutellum (arrow).PntP
ndary
duce
n ex
ing
the
d be
ith
ing d
e sma
cross the wing pouch, which has a central cleft (arrow). (L)
cated) and no bristles form on the scutellum (arrow).
s of reproduction in any form reserved.
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(250 Wessells et al.FIG. 4. Regulation of vn expression by Hh signaling in the wing. Anterior is up and distal is to the right. (A) Wild-type wing disc. vn is
expressed as a discontinuous stripe straddling the A/P boundary across the wing pouch (arrows). (Inset) 71B-Gal4;UAS-dpp third-instar wing
disc. Ectopic expression of dpp in the wing pouch causes no detectable change in vn transcription. (B) hhts third-instar wing disc. vn
transcription in the wing pouch is significantly reduced after 48 h at restrictive temperature. (Inset) en-Gal4;UAS-hh third-instar wing disc.
Overexpression of hh throughout the posterior compartment results in expansion of the width of the stripe of vn expression. (C)
71B-Gal4;UAS-ci third-instar wing disc. Ectopic expression of ci in the wing pouch causes an expansion of vn expression into the anterior
compartment. (Inset) 71B-Gal4;UAS-ci76 wing disc. Expression of the repressor form of ci eliminates vn transcription in the wing pouch.
D) 71B-Gal4;UAS-ptc wing disc. Ectopic expression of ptc eliminates vn transcription in the wing pouch. (Inset) vn1 mutant wing disc. vn
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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251Regulation of Vn/DER SignalingWg Is a Repressor of vn Expression
in the Wing Pouch
The discontinuity of vn expression at the DV border is
consistent with its expression being repressed by a factor
emanating from the DV boundary. wg is expressed along the
DV boundary where vn expression is discontinuous (Fig.
5A) and we tested whether wg can function to repress vn.
ndeed, vn expression was repressed following ectopic ex-
pression of wg along the AP boundary or in the dorsal
compartment (Figs. 5B and 5C). Furthermore, vn expression
extended toward the DV boundary in wgtsIL mutants grown
under conditions that cause loss of the wing margin (Phil-
lips and Whittle, 1993) (data not shown). At the AP/DV
intersection, cells receive opposing signals: Hh, which acts
to induce vn, and Wg, which acts to repress vn. In normal
development, vn is not expressed in these cells, suggesting
hat Wg repression exceeds Hh induction.
DER Target Genes Are Induced in Response
to Vn and sSpi in Wing Discs
We analyzed the ability of Vn to induce DER target genes
in the wing disc by monitoring the expression of three DER
target genes, aos, kekkon1 (kek1) (Musacchio and Perri-
mon, 1996; Ghiglione et al., 1999), and pntP1, in response
to changes in Vn/DER signaling in the wing pouch. vn is
expressed in the wing pouch in L4 and the L3/L4 intervein
region (Simcox et al., 1996) (Fig. 4A). We tested whether aos
or kek1 expression, which overlaps that of vn, was altered
in vn1 mutants, which lack expression of vn in the wing
pouch (Fig. 4D, inset). aos is expressed in vein primordia
nd its expression overlaps vn expression in L4 (Fig. 6A)
expression in the wing pouch is lost. (E) Wild-type wing. The anter
acv is missing (arrow). This fly was raised at 17°C, at higher tempe
(arrow) and parts of L4 are deleted. (G) 71B-Gal4;UAS-ptc;vnL6/1. V
FIG. 5. vn expression is repressed by Wg signaling in the wing po
ing pouch showing vn expression (purple) is discontinuous where
isc. vn expression is lost in the dorsal compartment where wg is e
third-instar wing disc. vn expression is reduced across the wing poreduced (compare with F). (H) 71B-Gal4;UAS-ptc;UAS-vn wing. Coexp
ith F). Some ectopic veins result from UAS-vn expression (arrowhead
Copyright © 1999 by Academic Press. All rightSawamoto et al., 1994; Simcox et al., 1996). In vn1 mu-
ants, aos expression in L4 is diminished, whereas expres-
ion in L3 appears normal (Fig. 6B) (Biehs et al., 1998). In
ild-type discs, kek1 is expressed in vein primordia and the
3/L4 intervein region (Fig. 6E). (kek1-lacZ expression
verlapped with vn expression in L4 and the L3/L4 in-
ervein and extended into L3, where vn is not expressed; not
hown.) In vn1 mutants, kek1 expression is diminished in
4 and the L3/L4 intervein region, whereas expression in L3
ppears normal (Fig. 6F). These data suggest that both aos
nd kek1 are Vn target genes. However, the expression of
ek1, but not aos, in the L3/L4 intervein region indicates
that the potential for Vn/DER signaling to activate a par-
ticular gene depends on other factors.
We investigated the potential of Vn and sSpi to induce
target genes by ectopically expressing the ligands in the
71B-Gal-4 pattern (Fig. 2). In response to Vn misexpression,
aos was induced broadly in the wing pouch except in the
L3/L4 intervein region where aos is also refractive to
nduction by Vn in wild-type discs (Fig. 6C and inset). In
esponse to ectopic sSpi, aos was expressed strongly in two
tripes flanking the L3/L4 intervein region (Fig. 6D and
nset). aos was not expressed as far into the anterior wing
ouch in response to sSpi as it was in response to Vn
isexpression. The patterns of aos misexpression in re-
ponse to the ligands also correlated with the extra vein
henotype seen in the adult wings; the extra vein territories
ere more extensive in 71B-Gal4; UAS-vn flies (Figs. 3D
nd 3F).
kek1 was ectopically induced by Vn and sSpi misxepres-
ion. However, the induction was predominantly in the
osterior wing pouch (Figs. 6G and 6H). The level of
ossvein (acv) is indicated (arrow). (F) 71B-Gal4;UAS-ptc wing. The
es parts of L4 and L3 are deleted. (Inset) vn1 mutant wing. The acv
oss caused by ectopic ptc expression is enhanced when vn dose is
Distal is up and anterior to the left. (A) Wild-type late third-instar
acZ (turquoise) is expressed. (B) ap-Gal4;UAS-wg third-instar wing
sed under the control of the ap enhancer. (C) dppblk-Gal4;UAS-wg
where wg is expressed under the control of the dppblk enhancer.ior cr
ratur
ein luch.
wg-lression of UAS-ptc and UAS-vn restores the acv (arrow, compare
, Schnepp et al., 1998).
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252 Wessells et al.induction varied with each ligand; Vn caused strong ectopic
kek1 expression, whereas sSpi caused ectopic expression at
low levels and additionally appeared to reduce expression of
the endogenous gene.
pntP1 was the third target gene we examined. In the
embryo pntP1 is induced by sSpi, but not by Vn, and PntP1
mediates induction of other Spi/DER target genes such as
aos. Thus, we wanted to determine whether pntP1 was
expressed in response to sSpi and/or Vn signaling in the
wing disc and, if so, whether this accounts for induction of
aos. In wild-type late third instar wing discs, pntP1 is
expressed in small clusters of cells in the notum and hinge
regions and weakly in an unpatterned fashion in the wing
pouch (Fig. 6I). Thirty hours after puparium formation
FIG. 6. Vn and sSpi induce DER target gene expression in the win
distal is right and anterior is up. vn and spi were ectopically expres
ntP1 expression was monitored. (A) Wild-type third-instar wing di
xpression is reduced in the L4 primordium. (C) 71B-Gal4;UAS-vn
esponse to ectopic vn expression, except for the L3/L4 intervein re
river does not promote transgene expression in these cells (Fig.
xpression closely matches aos expression as visualized by in s
xpression is strongly increased after sspi misexpression mainly in
spi; aos-lacZ third-instar wing disc. aos-lacZ expression closel
ild-type third-instar wing disc. kek1 is expressed in vein primord
expression is reduced in L4 and in the L3/L4 intervein region but a
wing disc. Ectopic vn expression results in strong ectopic kek1 exp
third-instar wing disc. Ectopic sspi results in weak ectopic kek1 exp
the level of endogenous kek1 expression. (I) Wild type third-instar
strongly expressed in two patches of cells in the dorsal hinge. (Inset
in the dorsal hinge . (J) Wild-type pupal wing at 30 h APF. pntP1 is
36 h APF. pntP1 expression in interveins is reduced (compare with J
disc. pntP1 expression appears unchanged from wild type (I). (Inset
two stripes flanking the A/P boundary. (M) 71B-Gal4;UAS-sspi thi
he A/P boundary. (Inset) 71B-Gal4;UAS-sspi; pntP1. pntP1-lacZ e(APF), pntP1 is expressed strongly in presumptive intervein
regions (Fig. 6J). At 36 h APF pntP1 is predominantly
Copyright © 1999 by Academic Press. All rightexpressed in veins (Fig. 6K). A pntP1-lacZ gene is available
(Scholz et al., 1993) that reports expression in the hinge in
larval discs (Fig. 6I, inset) and only the vein-specific expres-
sion in pupal wings (data not shown). We monitored both
pntP1 RNA and pntP1-lacZ expressions following ectopic
expression of the ligands. In response to ectopic sSpi expres-
sion (71B-Gal4; UAS-sspi), elevated levels of pntP1 RNA
and pntP1-lacZ expression were detected. The domain of
ectopic pntP1 expression closely matched ectopic aos ex-
pression (Figs. 6M and 6D), which is consistent with PntP1
inducing aos. We did not detect a change in expression of
pntP1 RNA following ectopic Vn expression (71B-Gal4;
UAS-vn). However, pntP1-lacZ was expressed ectopically
in two very weak stripes (Fig. 6L and inset). The difference
. Distal is up and anterior is to the left except for (J) and (K), where
the wing disc with the 71B-Gal4 driver (Fig. 2) and aos, kek1, and
s is expressed in vein primordia. (B) vn1 third-instar wing disc. aos
-instar wing disc. aos expression expands to fill the wing pouch in
It is also not expressed in cells of the D/V boundary; the 71B-Gal4
set) 71B-Gal4;UAS-vn; aos-lacZ third-instar wing disc. aos-lacZ
ybridization. (D) 71B-Gal4;UAS-sspi third-instar wing disc. aos
stripes of cells flanking the A/P boundary. (Inset) 71B-Gal4;UAS-
tches aos expression as visualized by in situ hybridization. (E)
d in the L3/L4 intervein region. (F) vn1 third-instar wing disc. kek1
s normal in the L3 primordium. (G) 71B-Gal4;UAS-vn third-instar
on throughout the posterior compartment. (H) 71B-Gal4;UAS-sspi
n throughout the posterior compartment and also appears to lower
g disc. pntP1 is weakly expressed throughout the wing pouch and
1-lacZ is not expressed in the wing pouch but is expressed in cells
essed strongly in all intervein regions. (K) Wild-type pupal wing at
there is expression in veins. (L) 71B-Gal4;UAS-vn third-instar wing
-Gal4;UAS-vn; pntP1. pntP1-lacZ expression is weakly induced in
star wing disc. pntP1 expression is induced in two stripes flanking
ssion is induced in two stripes flanking the A/P boundary.g disc
sed in
sc. ao
third
gion.
2). (In
itu h
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ia an
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) 71Bseen with the two assays likely reflected the perdurance of
b-galactosidase, which allowed accumulation to a detect-
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253Regulation of Vn/DER Signalingable level. The thin stripes of pntP1-lacZ expression did not
orrespond to the full extent of ectopic aos expression (Figs.
L, inset, and 6C). This suggests that PntP1 is not the only
ranscription factor inducing ectopic aos expression after
n misexpression.
Down-Regulation of DER Expression in the L3/L4
Intervein Region May Prevent aos Induction
in Response to Vn
It has recently been shown that DER expression is not
etectable in the L3/L4 intervein region of late larval discs
Guichard et al., 1999). Thus a simple explanation for why
n fails to induce aos in this region is that DER is absent
nd therefore the Vn/DER pathway cannot be activated. In
eeping with this idea we found that expression of an
ctivated form of DER (encoded by UAS-ltop4.2) using the
ptc-Gal4 enhancer strongly induced aos in a broad stripe of
cells across the center of the wing pouch (Fig. 7C). In the
corresponding adult wings, long stretches of L3 and L4 were
juxtaposed (Fig. 7A). [Similar misexpression of vn (ptc-Gal4;
UAS-vn) did not cause a change in the spacing of L3 and L4
(Fig. 7B).] The apposition of L3 and L4 could result from loss
of the intervein region or from intervein cells assuming a
vein fate. We favor the latter possibility because the com-
posite vein was broader than expected and because expres-
sion of an independent marker for the L3/L4 intervein
region, knot (kn), was unchanged in ptc-Gal4; UAS-ltop4.2
wing discs (Fig. 7E) (Vervoort et al., 1999). kek1 is also
normally expressed in cells of the L3/L4 intervein (Fig. 6E)
and there was also no change in the expression of kek1 in
ptc-Gal4; UAS-ltop4.2 wing discs (Fig. 7D).
In contrast, expression of vn was reduced in ptc-Gal4;
AS-ltop4.2 wing discs (Fig. 7F). This was not unexpected
because we found that ectopic expression of the DER target
gene UAS-pntP1 caused a repression of vn expression in
wing discs (Figs. 3G and 3I). However, we found that pntP1
was not ectopically expressed across the wing pouch in
ptc-Gal4; UAS-ltop4.2 wing discs (although its expression
as elevated in the hinge region) (Fig. 7C, inset). This
uggests that PntP1 does not mediate the induction of aos
n ptc-Gal4; UAS-ltop4.2 wing discs. Expression of PntP1 is
lso unlikely to mediate the expression of aos following
ctopic Vn expression (Figs. 6C and 6L). Thus another
ranscription factor may be mediating DER signaling in
hese experimental situations and in the induction of Vn/
ER target genes such as aos and kek1 in normal develop-
ent. PntP2 is a possible candidate. We have not investi-
ated pntP2 RNA expression but pntP2-lacZ is not
expressed in the wing pouch (not shown).
Ectopic Veins Induced by vn Misexpression Are
Suppressed by Coexpression with aos but Not
with kek1Finally we tested whether Aos and Kek1, the two known
extracellular inhibitors of DER, inhibit Vn activity. Com-
p
v
Copyright © 1999 by Academic Press. All rightetition with these factors is also a potential mechanism for
egulating Vn/DER signaling.
Ectopic expression of vn produces an extra vein pheno-
ype, whereas ectopic expression of aos results in vein loss
Sawamoto et al., 1994; Schweitzer et al., 1995a; Howes et
al., 1998; Schnepp et al., 1998) (Figs. 8B and 8C). Here we
found that, in fact, aos is also expressed following ectopic
vn expression (Fig. 6C) and yet the outcome is an extra vein
phenotype, not vein loss. This observation may indicate
that Vn/DER signaling is refractive to Aos inhibition or
may reflect a comparative excess of Vn over Aos. To test
this we expressed the two genes simultaneously with the
same driver and found that the wings had an intermediate
phenotype and exhibited mild vein loss (Fig. 8D). This is
consistent with Vn/DER signaling being sensitive to Aos
inhibition and suggests competition between the factors in
regulating DER signaling.
Ectopic expression of kek1 also caused a vein loss pheno-
type consistent with its role as a DER inhibitor (Fig. 8E)
(Ghiglione et al., 1999). Given that kek1 expression and vn
xpression are coincident in the L3/L4 intervein region, it is
ossible that Kek1 acts to inhibit Vn signaling in this region
nd thus blocks its ability to induce target genes such as
os. However, coexpression of kek1 and vn did not result in
n intermediate phenotype and both vein loss and extra
eins were seen (Fig. 8F). This is consistent with indepen-
ent functions of kek1 and vn. Furthermore, expression of
os in the L3/L4 intervein region results in an apposition of
3 and L4. Thus if loss of kek1 function resulted in ectopic
os expression, kek1 mutants should exhibit a similar
henotype. However, kek1 mutants have no detectable
henotype in the L3/L4 intervein region (Musacchio and
errimon, 1996) (data not shown). There are two additional
ek-related genes (Ghiglione et al., 1999) and thus it will be
mportant to establish whether redundant gene functions
ontribute to the normal phenotype of kek1 mutants.
DISCUSSION
vn Is a Target of sSpi/DER/PntP1 Signaling in the
Embryo and Establishes a Positive Feedback Loop
Activation of the DER pathway by sSpi results in the
production of PntP1, a constitutively active ETS-related
transcription factor (Kla¨mbt, 1993; O’Neill et al., 1994;
abay et al., 1996). One target of PntP1 is the aos gene,
hich encodes an inhibitory ligand (Gabay et al., 1996). Aos
s a competitive inhibitor of sSpi and thus a negative
eedback loop is established that limits the action of sSpi
oth temporally and spatially (Schweitzer et al., 1995a;
olembo et al., 1996b). We found that PntP1 is also a
ositive regulator of vn in the embryo (Figs. 1 and 9). The
apid induction of vn in response to ectopic expression of
ntP1 suggests that PntP1 directly binds and activates the
n gene (Figs. 1E and 1F). Thus, both vn and aos are targets
s of reproduction in any form reserved.
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254 Wessells et al.of the DER pathway and this results in the simultaneous
production of a positive and a negative factor (Fig. 9).
Golembo et al. (1999) have reported similar findings in the
embryo and vn has also recently been shown to be a target
f the DER pathway in the ovary (Wasserman and Freeman,
FIG. 7. Regulation of DER signaling in the L3/L4 intervein region
n the medial wing with the ptc-Gal4 enhancer. Expression of aos, p
ctopic activation of DER in the medial wing results in fusion of pr
nd L4 is normal but there are small ectopic veins (arrows). (C) pt
n the medial wing including cells of the L3/L4 intervein (compare
ot in the medial wing pouch (arrows). (D) ptc-Gal4; UAS-ltop4.2 th
E) ptc-Gal4; UAS-ltop4.2 third-instar wing disc. kn expression in th
ptc-Gal4; UAS-ltop4.2 wing. vn expression is reduced in the media998). The physiological role of this positive feedback loop
ay be to increase the level of DER activation in cells that
p
e
Copyright © 1999 by Academic Press. All rightre exposed to Aos. This would result if Vn/DER signaling
ere refractory to the inhibitory effect of Aos or if Vn
ssuages the negative effects of Aos by competition for the
eceptor. In support of the latter we showed that simulta-
eous expression of Vn and Aos in the wing resulted in a
S-ltop4.2, which encodes an activated form of DER, was expressed
, kek1, kn, and vn was monitored. (A) ptc-Gal4; UAS-ltop4.2 wing.
al L3 and L4. (B) ptc-Gal4; UAS-vn wing. The spacing between L3
4; UAS-ltop4.2 third-instar wing disc. aos is ectopically expressed
h 6A). (Inset) pntP1 expression is elevated in the hinge region but
star wing disc. kek1 expression appears normal (compare with 6E).
/L4 intervein region is similar to expression in wild type (inset). (F)
g (arrows, compare with 4A).. UA
ntP1
oxim
c-Gal
wit
ird-in
e L3henotype that was intermediary to that of expression of
ach factor alone (Fig. 8).
s of reproduction in any form reserved.
m
p
v
c
s
p
r
-vn;U
rexp
255Regulation of Vn/DER Signalingvn is a Target of Hh and Wg Signaling in the Wing
Pouch
The wing disc is divided into lineage compartments
and key patterning genes exert their effects from sources
of localized activity along or close to boundaries that
separate these compartments. In the wing, Hh activity
emanates from the posterior compartment and Wg activ-
FIG. 8. Competition effects between Vn and Aos but not betw
Overexpression of vn in the wing disc results in an extra vein pheno
than the male wing shown in Fig. 3D). (C) 71B-Gal4;UAS-aos wi
UAS-aos adult wing. Overexpression of both vn and aos in the w
overexpression are suppressed and the vein loss caused by aos ov
Overexpression of kek1 results in a loss of veins. (F) 71B-Gal4;UAS
in an additive phenotype, with extra veins characteristic of vn oveity is centered on the dorsal–ventral (DV) boundary (Blair,
1995; Serrano and O’Farrell, 1997). Wg and Hh act as
p
t
Copyright © 1999 by Academic Press. All rightorphogens regulating the expression of target genes to
attern and govern growth of the wing. The expression of
n in a discontinuous stripe across the wing pouch is
onsistent with it being a target of both Hh and Wg
ignaling (Simcox et al., 1996). Indeed we found that Hh
romotes vn expression along the AP boundary and Wg
epresses vn expression at the DV boundary (Fig. 9). This
Vn and Kek1. (A) Wild-type wing. (B) 71B-Gal4;UAS-vn wing.
. (Note that this wing is from a female and has a milder phenotype
verexpression of aos results in vein loss. (D) 71B-Gal4;UAS-vn;
isc has an intermediary phenotype; the extra veins caused by vn
pression is partially rescued. (E) 71B-Gal4;UAS-kek1 adult wing.
SA-kek1 adult wing. Overexpression of both vn and kek1 results
ression and vein loss characteristic of kek1 overexpression.een
type
ng. O
ing d
erexroduces the precise expression of vn in the wing pouch
hat is required for patterning in the medial wing (Simcox
s of reproduction in any form reserved.
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256 Wessells et al.et al., 1996). The regulation of vn by Hh and Wg in the
wing implicates Vn as the agent in a crosstalk between
these major signaling pathways and the DER pathway.
Interestingly, similar effects of Hh and Wg signaling on
vn transcription have also been reported to operate in the
Drosophila head (Amin et al., 1999), suggesting that this
ink may be a common theme in development.
Hh signaling is required directly for patterning the
edial wing (Mullor et al., 1997; Strigini and Cohen,
997; Sturtevant et al., 1997; Biehs et al., 1998) and our
results suggest that vn is both a direct target of Hh and a
ediator of its effects. Thus, Vn represents a second
nstance of Hh exerting effects by inducing a secondary
ecreted molecule, the first being decapentaplegic (dpp)
Neumann and Cohen, 1997). However, unlike Dpp, the
tripe of Vn expressed in the medial wing appears rela-
ively late in development and acts in local fashion
ecause specific loss of this expression, in a vn1 mutant,
FIG. 9. Position of vn in the DER pathway in the embryo and the
larval wing pouch. In the germband embryo, vn is a target of DER
ignaling (its transcription is activated by PntP1) and participates as
stimulatory ligand in a positive feedback loop; see also Golembo
t al. (1999). PntP1 also induces aos expression and thus simulta-
neously initiates positive and negative regulatory loops. These
loops may compete with each other to further refine the accuracy
of DER signaling. In the larval wing pouch, vn expression is
positively regulated by Hedgehog signaling and repressed by Wing-
less signaling. DER signaling and PntP1 expression can also act to
repress vn expression but this potential may not be realized in
normal development (as indicated by the question mark). In the
wing pouch, Vn is a primary stimulatory ligand of DER and can
activate the DER target genes aos and kek1. This activation is
mediated by a transcription factor, X, which is unlikely to be PntP1
(see text for details). kek1 expression may result from Vn/DER
signaling or by a mechanism not involving DER (indicated by
question marks).causes only medial wing defects (Simcox et al., 1996)
(Figs. 4D, inset, and 4F, inset).
Copyright © 1999 by Academic Press. All rightvn Is Unlikely To Be a Target of DER Signaling
in the Wing Pouch
We and others showed that vn is positively regulated by
DER signaling in the embryo mediated by the ligand se-
creted Spitz (sSpi) (Golembo et al., 1999; and this work).
sSpi is expressed along the DV boundary in mid-third-instar
wing discs and dp-ERK is present in cells adjacent to the DV
boundary (Nagaraj et al., 1999). At late third-instar dp-ERK
is also present in vein primordia (Gabay et al., 1997).
However, despite its potential to be a DER target gene, vn is
not expressed along the DV axis or in all vein primordia.
Potential positive effects of DER signaling close to the DV
boundary could be negated by Wg signaling, which we
showed represses vn transcription. But this point may be
moot because we showed that ectopic DER signaling along
the AP boundary acts to repress vn transcription (Figs. 3G,
3I, and 7F). Thus, in the wing, DER signaling may act in
concert with, rather than counter to, Wg repression. We
note, later in wing development, the relationships of Wg
and DER signaling to vn transcription may change because
vn is transcribed along the anterior DV margin in late–late
third-instar larval discs and is coexpressed with both DER
and pntP1 in pupal wings (Sturtevant et al., 1994; Simcox et
al., 1996) (Fig. 6J).
Vn/DER Signaling and sSpi/DER Signaling Induce
Different Patterns of DER Target Gene Expression
The strength or duration of signaling by a given pathway
can govern cell behavior. A well-known example of this is
the differentiation of PC12 cells with sustained signaling
and continued cell proliferation following transient signal-
ing (Marshall, 1995). In these examples, MAPK signaling
was induced by different ligands with different cognate
receptors. However, different ligands for a single receptor
could also evoke different signaling outputs. Indeed there is
evidence that Vn and sSpi have different effects on DER
signaling with sSpi being an intrinsically stronger ligand
(Schnepp et al., 1998). Relative potency may tailor a ligand
to a particular task in development and it is becoming clear
that sSpi and Vn have different roles in development.
Broadly speaking, Vn is more important in wing develop-
ment, whereas sSpi is more important in embryogenesis.
And at least in the case of Vn we show the ability to induce
known DER target genes correlates with this requirement;
Vn can induce activation of the DER target genes in wing
discs that it fails to activate in the embryo. sSpi has been
shown to activate DER target genes in the embryo
(Schweitzer et al., 1995b; Gabay et al., 1996; Golembo et
l., 1996b) and here we show that it is also able to induce
hese genes in the wing disc (Figs. 6D and 6M). However, spi
s not required for wing disc growth and no role for it in
ein/intervein patterning has been demonstrated (Simcox,
997; Guichard et al., 1999; Nagaraj et al., 1999). Thus,
although sSpi is capable of activating DER signaling in the
wing, it may not do so in a productive fashion in normal
development.
s of reproduction in any form reserved.
r257Regulation of Vn/DER SignalingDifferences are also apparent in the patterns of target
gene induction by ectopic expression of Vn and sSpi in the
wing pouch. We followed effects on three DER target genes:
aos, pntP1, and kek1. In each case, we saw a different
esponse to the ligands. Both ligands induced ectopic aos
expression but Vn did so in a broader domain than sSpi
(Figs. 6C and 6D) but neither induced aos in the L3/L4
intervein region (see below). In the embryo, the DER target
gene pntP1 mediates aos induction by sSpi (Gabay et al.,
1996). Likewise in the wing, ectopic sSpi induced pntP1
expression in cells that also expressed aos (Figs. 6M and
6D). However, following ectopic Vn we saw no detectable
change in pntP1 expression using in situ hybridization and
only very weak induction of pntP1-lacZ in a domain that
did not correspond fully with ectopic aos expression (Figs.
6L and 6C). This suggests either that another transcription
factor mediates the induction of aos in response to Vn or
that PntP1 is capable of inducing aos, even when changes in
its own expression level are too low to be detected by
current methods. Both Vn and sSpi induced ectopic expres-
sion of kek1, but predominantly in posterior cells rather
than throughout the domain of their ectopic expression
(Figs. 6G and 6H). Thus the action of both ligands appears
limited by the presence or absence of some other factor in
anterior cells. There was also a difference in the level of
induction: Vn, which we showed functions to induce kek1
expression in normal development (Fig. 6F), was a potent
inducer of high levels of ectopic kek1 expression (Fig. 6G),
whereas sSpi induced low levels of ectopic kek1 expression
and appeared to reduce expression of endogenous kek1 (Fig.
6H).
Cell-Specific Induction of Vn Target Genes
vn is expressed in the wing pouch in cells of presumptive
L4 and the L3/L4 intervein region (Fig. 4A) and overlaps
expression of aos in L4 and kek1 in L4 and the L3/L4
intervein (Figs. 6A and 6E). In vn1 mutants, which lack vn
expression in the wing pouch, expression of aos and kek1 is
reduced in cells that would normally also express vn (Fig.
6B and 6F) (Biehs et al., 1998). This suggests that Vn is
involved in activation of these genes. However, not all wing
cells that express vn (and kek1) also express aos; aos is not
expressed in L3/L4 intervein cells in wild-type discs or
following ectopic expression of vn throughout the wing
pouch (Figs. 6A and 6C). A simple explanation for this
finding is presented by Guichard et al. (1999), who show
that expression of DER is downregulated in the L3/L4
intervein region. Thus, without DER, Vn cannot activate
aos. Indeed, we found that expression of an activated form
of DER in the medial wing is capable of inducing aos
expression in L3/L4 intervein cells (Fig. 7C). However, this
leaves open the question of how kek1 is activated in these
cells (Fig. 9). There are a number of possibilities: For
example, low levels of DER expression that are sufficient
for Vn/DER activation of kek1 may occur. Alternatively,
Vn induction of kek1 may occur earlier in development
Copyright © 1999 by Academic Press. All rightbefore DER down-regulation. A third possibility is that Vn
may be capable of activating kek1 in a DER-independent
mechanism.
Concluding Remarks
As our understanding of the regulation of DER signaling
continues to reveal additional complexities, it becomes less
surprising that this single receptor can fulfill multiple tasks
in development that require specific cell responses. Here we
show that the function of the DER agonist, Vn, is tightly
regulated at multiple levels that affect its production and
activity and that Vn itself participates in a positive feedback
loop to refine DER signaling. Deployment of specific li-
gands during development is likely to be key for evoking
specific cell responses and consistent with this we show
differences in the level and pattern of target gene activation
in response to sSpi and Vn. It will be important to deter-
mine whether the basis for this difference depends ulti-
mately on the affinity each ligand has for the receptor. The
results also reveal that the potential of a ligand to activate
a target gene throughout its expression domain depends on
other factors. DER itself is likely to be one of these factors
but others remain to be identified and the mechanisms by
which they operate understood.
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